Introduction {#s1}
============

Silicosis is an irreversible and incurable lung disease caused by the inhalation of dust containing crystalline silica particles^[@r1]^. It is epidemic worldwide^[@r2],[@r3]^, and developing countries have typically been associated with a high incidence of it^[@r4]^. To date, no 100% therapeutic approaches have been presented for silicosis, and the average survival time of patients is 3--5 years^[@r5]^. Importantly, this disease seriously threatens the health and safety of workers.

The pathogenesis of silicosis has not been fully elucidated. Studies have shown that silicosis is a pathological condition in which lungs become scarred due to excess deposition of extracellular matrix (ECM)^[@r6],[@r7]^. The ECM is mainly composed of plasma proteins secreted by myofibroblasts, which represent an activated state of fibroblasts^[@r8],[@r9]^. During fibrosis, plasma and extracellular proteins are cross-linked by enzymes to eventually form insoluble nodules^[@r10]^. A study showed that supernatants from SiO~2~-treated macrophages can induce activation of fibroblasts and increase the collagen content of ECM^[@r6]^. However, the types and time of distribution of fibrosis, expression of the related genes and their location in the lungs, as well as the relationship between SiO~2~-induced inflammation and the abovementioned fibrosis-related genes have remained elusive.

In this experiment, a rat model of silicosis was established to observe the inflammation and fibrosis of lung tissue, the oxidation state of bronchoalveolar lavage fluid (BALF) cells and lung tissue, and the expression of genes related to fibrosis in BALF cells and lung tissue. This study also aimed to analyze the time-depended changes of the effects of inflammation and expression of fibrosis-related genes on collagen fibrosis during silicosis and to explore the association between inflammation, fibrosis, and expression of related genes. This study may provide new therapeutic insight for prevention and treatment of silicosis.

Materials and Methods {#s2}
=====================

Chemicals
---------

Silica particles that had a crystalline form and were smaller than 5 μm in diameter were obtained from the Chinese Center for Disease Control and Prevention (Beijing, China). The distribution of the sizes was as follows: 50% \<1.0 μm, 85% \<2.0 μm, 98% \<5.0 μm. Physiological saline (Shandong Lukang Pharmaceutical Factory Inc., Shandong, China) was used as the vehicle for silica particles ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Representative microscopic view of silica dust (bar =5 μm). Most of the particles were less than 5 μm in diameter.).

Animals and grouping
--------------------

This experiment was conducted in compliance with the *Guidelines for Animal Experimentation at the Institute of Occupational Health and Environmental Medicine of Jining Medical University*. The animal protocol was designed to minimize pain or discomfort in the animals. Male specific-pathogen-free (SPF) Wistar rats that were 6 weeks old were provided by the Laboratory Animal Center of Jining Medical University (Jining, China). The rats were housed in a climate-controlled room at a temperature of 20 ± 3°C and humidity of 60 ± 5% with a 12 h dark-light cycle. The rats were fed with standard food and water. After acclimation over one week, the rats were divided into 30, 60, and 120 days experimental groups and 1 control group (n=10 in each group). Before intratracheal instillation, the rats were anesthetized with 3.0% isoflurane for 15 min using a face mask with an inhalation anesthesia system. As soon as anesthesia was accomplished, a standard bulb-tipped gavage needle was inserted into the epiglottis via the mouth using an operating otoscope with a speculum. One milliliter of SiO~2~ suspension (100 mg/mL) was injected into the trachea with the syringe driver^[@r11],[@r12]^. Then the rats were shaken clockwise for 3 min to ensure that the silica particles completely entered the lungs. The rats were then sacrificed by exsanguination under light isoflurane anesthesia after 30, 60, and 120 days. The control group rats were treated in the same way except that 1 mL of physiological saline was injected into the lung through the trachea, and the rats were sacrificed after 120 days.

Tissue sampling and histopathology
----------------------------------

Left lung tissue (\<0.3 mm^3^) was removed, fixed in 4% paraformaldehyde, and embedded in paraffin. It was then sliced into thin sections (5 µm) using standard techniques. The sections were stained with hematoxylin and eosin (HE) to visualize histopathological changes such as inflammatory infiltrates. Collagen deposition on the sections was observed using images of Masson's trichrome staining, in which collagen was stained blue. At the same time, lung tissue (\<0.1 mm^3^) was fixed in 1.0% glutaraldehyde and postfixed in 1% osmium tetroxide solution (pH 7.4) for 2 h, and then it was processed into thin sections. The ultrastructure of the lung was observed under transmission electron microscope (TEM; JEOL Ltd., Tokyo, Japan).

Analysis of collagen types I and III by enzyme-linked immunosorbent assay
-------------------------------------------------------------------------

Lung tissues were homogenized in buffer and centrifuged (at 1,000× g for 10 min) to obtain liquid supernatants. Double‐antibody sandwich enzyme‐linked immunosorbent assays (ELISAs) were used to assess the levels of collagen type I and III in supernatants according to the manufacturer's instructions (Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai, China). Optical density at 450 nm was measured using an ELISA reader (Thermo Fisher Scientific Inc., Waltham, MA, USA), and the antigen level (in ng/mL) was calculated. The relative contents of collagen type I and III (in mg/g) in each sample were normalized by the protein concentration (in g/mL) of the corresponding supernatant, which was determined using a BCA Kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Lipid peroxidation analysis of BALF cells and lung tissue
---------------------------------------------------------

Cold sterile saline (2 mL) was injected into the right lung alveoli via the trachea five times. The lavage fluid was combined into a plastic tube and centrifuged at 1,200× g for 10 min. The BALF cells were stored at −80°C until analysis. The contents of superoxide dismutase (SOD), malondialdehyde (MDA), and protein of the BALF cells and lung tissues were measured by spectrophotometry using commercial kits (Nanjing Jiancheng Bioengineering Institute).

mRNA quantification with real-time quantitative PCR
---------------------------------------------------

The total RNA of BALF cells and lung tissues was extracted using Trizol reagent (Takara Bio Inc., Kusatsu, Japan). The relative contents of three fibrosis-related genes, including transforming growth factor beta 1 (TGF-β1), type I collagen, and type III collagen were assessed using real-time quantitative polymerase chain reaction (RT-qPCR). The three genes were synthesized using a PrimeScript RT reagent kit (Takara Bio Inc.) and RT-qPCR Kit (Takara Bio Inc.) with SYBR Green (Thermo Fisher Scientific Inc.) on an RT-qPCR Detection System (Bio-Rad Laboratories Inc., Hercules, CA, USA) according to the manufacturer's instructions. The expression of the three mentioned genes in each sample was normalized by the expression level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The primer sequences used for RT-qPCR were as follows: TGF-β1, 5'-GGCACCATCCATGACATGAACCG-3' and 5'-GCCGTACAC AGCAGTTCTTCTCTG-3'; type I collagen, 5'-TGTTGGTCCTGCTGGCAAGAATG-3' and 5'-GTCACCTTGTTCGCCTGTCTCAC-3'; type III collagen, 5'-GACACGCTGGTGCTCAAGGAC -3' and 5'- GTTCGCCTGAAGGACCTCGTTG-3'; and GAPDH, 5'-GACATGCCGCCTGGAGAAACG-3' and 5'-AGCCCAGGATGCCCTGT-3'.

Statistical analysis
--------------------

The data were analyzed by using the SPSS 17.0 software (SPSS Inc., Chicago, IL, USA) and were expressed as the mean ± standard deviation (SD). One-way ANOVA followed by the *LSD* test was performed on the results. Difference were considered statistically significant when *P*\<0.05.

Results {#s3}
=======

Macroscopic analysis
--------------------

The rats in the control group grew normally without any discomfort or other abnormalities. Rats in the 30 days group showed mild hair loss and mania. Rats in the 60 days group showed more hair loss and slow movement. Rats in the 120 days group had severe hair loss, dull hair, lethargy, and slow movement.

In regard to macroscopic findings, white spots and pulmonary hemorrhage were seen on the surfaces of the lungs in the dust-exposed groups: In the control group, the lungs were soft and elastic, and the surfaces were lustrous. In the 30 days group, obvious edema of lungs was noted, accompanied by a small amount of dark red hemorrhagic areas on the surface. In the 60 days group, the elasticity of the lungs was significantly reduced, and the color of their surfaces was gray-white with obvious scattered protrusions. In the 120 days group, the elasticity of the lungs was poor. There were many spots of congestion on their surfaces, as well as many millet-sized gray-white nodules.

Histopathological analyses
--------------------------

The pathologic images of lung tissues stained with HE showed that higher numbers of infiltrating cells appeared in the alveoli in each experimental group compared with that in the control group. In addition, spindle-shaped fibroblasts, destroyed alveolar structures, and thickening of the interstitial lung could be found as well. The changes were more obvious as time after exposure to the dust increased ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Pathologic images of lung tissues stained with hematoxylin and eosin (HE) in control and silica dust-exposed rats (bar =50 μm). (A) In the control group, the lung tissue was normal, and the alveolar structure was clear. (B) After 30 days, there was a large amount of infiltrating cells in the lung tissues. The alveolar wall began to thicken. (C) After 60 days, the number of cells increased, the structure of the lungs was disordered, and the alveolar wall was thicker. (D) After 120 days, the lung tissue was filled with a large number of cells, which were concentrically distributed; the lung tissue was severely damaged.). In the images of Masson's trichrome staining, there was obvious blue staining in the experimental groups compared with that in the control group, indicating the proliferation of collagen fiber. The proliferation was more obvious as the time after exposure to the dust increased ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.Pathologic images of lung tissues stained with Masson's trichrome in control and silica dust-exposed rats (bar =50 μm). (A) In the control group, the alveolar structure was clear with a small amount of collagen fibers. (B) After 30 days, there was a large amount of infiltrating cells in the lungs, collagen fibers increased, and the alveolar wall began to thicken. (C) After 60 days, the number of inflammatory cells increased, collagen fibers were enlarged, and the alveolar wall was thicker. (D) After 120 days, collagen fibers fused into a mass, and the alveolar wall was significantly thicker.).

Electron microscopic observation
--------------------------------

Compared with the control group, there was a significant inflammatory reaction in the 30 days group for macrophages and other infiltrating cells, and slight fibrosis was found. The inflammation in the 60 days group was remarkably relieved compared with that in the 30 days group, while the fibrosis was further aggravated, and the morphology of alveolar type II epithelial (ATE II) cells changed. In the 120 days group, inflammation was further alleviated, fibrosis was more severe, and there was no normal lung tissue in the field of view; the tissue was replaced by hyperplastic and fused fibers ([Fig. 4](#fig_004){ref-type="fig"}Fig. 4.Transmission electron microscope (TEM) images of lung tissues in control and silica dust-exposed rats (bar =2 μm). (A) In the control group, the lung tissue was clearly structured, showing alveolar type I cells and alveolar type II cells. The alveolar type I cells were elongated; the alveolar type II cells were elliptical, showing lamellar bodies with large nuclei and villi on the membrane. (B) After 30 days, alveolar type II cells with a large nucleus, a few lamellar bodies in the cells, and lodging and falling off of villi on the membrane could be observed. There was a small amount of fibrosis around alveolar type II cells. There were several exfoliated cells and tissues around the interstitial lung, and the inflammatory reaction was severe. (C) After 60 days, alveolar type II cells with a large nucleus and blurred nuclear membrane could be observed. There were a large number of lamellar bodies in the cells. In the left and lower parts of alveolar type II cells, there was obvious fibroplasia. There were exfoliated cells and tissues around the interstitial lung, and inflammation was decreased compared with that in the 30 days group. (D) After 120 days, all fibers in the field of view were hyperplastic fibers that had been fused. At the lower right of the section, the remaining alveolar type II cells, which were partially fibrotic, were observed. There were a small number of detached cells and tissues around the interstitial lung, and the inflammatory response was further alleviated.).

Deposition of collagen type I and III in the lung
-------------------------------------------------

Regarding the collagen deposition levels, silica dust increased the relative contents of collagen type I and III. For collagen type I, the effect became significant in all experimental groups compared with the control group (*P*\<0.05), while for collagen type III, the effect became obvious in the 60 and 120 days groups (*P*\<0.05; [Table 1](#tbl_001){ref-type="table"}Table 1.Levels of Collagen Type I and Collagen Type III in the Lung of Rats).

Lipid peroxidation level in BALF cells and lung tissues
-------------------------------------------------------

Compared with the control group, the MDA content in the three experimental groups increased (*P*\<0.05), especially in the 30 days group, however, the activity of SOD decreased compared with that in the control group (*P*\<0.05; [Table 2](#tbl_002){ref-type="table"}Table 2.Lipid Peroxidation of Bronchoalveolar Lavage Fluid (BALF) Cells and Lung Tissue in Rats).

mRNA Expression in BALF cells and lung tissues
----------------------------------------------

Compared with the control group, the expression of TGF-β1 markedly increased in both BALF cells and lung tissues (*P*\<0.05). Additionally, the expression levels of collagen types I and III were increased only in lung tissues (*P*\<0.05; [Table 3](#tbl_003){ref-type="table"}Table 3.Relative Contents of the Three Fibrosis-related Genes mRNA of Bronchoalveolar Lavage Fluid (BALF) Cells and Lung Tissue in Rats).

Discussion {#s4}
==========

Collagen is the main structural protein in ECM, constituting the main framework of lung tissue^[@r13],[@r14]^, and its content should be maintained at a reasonable level, as abnormal levels may damage cells^[@r15]^. A previous study revealed that abnormal accumulation of ECM in lung tissues plays a pivotal role in pulmonary fibrosis^[@r16]^. Silicosis is a lung disease caused by the inhalation of crystalline silica dust^[@r17]^. The pathological results in the present study showed that collagen fiber hyperplasia and intrapulmonary thickening occurred in all silicosis model rats. The conditions were more serious as the time after exposure to dust increased. These findings were confirmed by electron microscopic observation as well.

Silicosis is a progressive process, depending on the amount of collagen synthesis controlled by related genes. The contents of protein of collagen type I and III notably increased in pulmonary fibrosis, and they are often known as indexes of pulmonary fibrosis^[@r18],[@r19]^. This feature appeared in the silicosis model rats in this study too. During the course of silicosis fibrosis, the location and dynamic changes of the expressed fibrosis-related genes have shown significant influences on the occurrence, progression, and prognosis of silicosis fibrosis. This is the reason why BALF cells and lung tissues were selected as subjects in this study. In summary, the following conclusions can be drawn from our results:

1\. The locations of the expressed fibrosis-related genes were different in the lungs. TGF-β1 was expressed in both BALF cells and lung tissues, while collagen type I and III were expressed only in lung tissues. The BALF cells contained many kinds of cells, and pulmonary macrophages were the predominant cells^[@r20],[@r21]^. Previous researchers have reported TGF-β1, secreted by SiO~2~-activated macrophages, playing a key role in the development of silicosis^[@r22],[@r23]^. The location of activated pulmonary macrophages is related to the distribution of toxins, protecting the body against their harmful effects^[@r24]^. In this study, the majority of the silica dust was inhaled into alveoli, and a small amount of dust adhered to the alveolar wall or entered into the interstitium. Macrophages in those locations could take in silica dust, and this could stimulate them to secrete TGF-β1 there.

The expression levels of collagen type I and III are related to myofibroblasts, which are generally taken into account as the major effect cells of fibrosis^[@r7]^. Pedigree tracking experiments showed that a variety of cells in the interstitial lung can differentiate into myofibroblasts^[@r5],[@r25]^. In idiopathic pulmonary fibrosis (IPF), the main source of myofibroblasts is fibrocyte-derived myofibroblasts, which comprise up to 50% of their content^[@r26]^. Another source of myofibroblasts is alveolar type II epithelial (ATE II) cells^[@r7],[@r27]^. Fibroblasts and ATE II cells are both located in fixed positions, justifying why collagen type I and III were expressed in lung tissues rather than in BALF cells.

2\. The expression levels of the three related genes in the experimental groups increased, but their peak values appeared in different stages. In this study, the fact that the peak expression of collagen type I and III occurred after the peak expression of TGF-β1 indicated a possible causal relationship between these proteins: the total level of TGF-β1 secreted by BALF cells and lung tissues activated the expression of collagen type I and III, which was supported by the finding of previous studies^[@r22],[@r28]^. This study also showed a different pattern of expression for collagen type I and III. Type I collagen showed a significant expression after 30 days, reached its peak expression level after 60 days, and then decreased; type III collagen showed no significant increase after 30 days, reached its peak expression level after 60 days, and then decreased. The above results indicated that type I collagen is more sensitive compared with type III collagen during fibrosis, and this was found to be consistent with the findings presented by Van Hoozen *et al.*^[@r29]^, in contrast to those reported by Lai *et al.*^[@r30]^.

3\. The present study also showed a negative synergistic change between inflammation and the expression levels of the abovementioned three genes, and inflammation was involved in the development of silicosis. In the early stage of the silicosis model, pulmonary inflammation was severe, and TGF-β1 expression was significant, while silicosis fibrosis was mild. In a later stage, inflammation decreased, and TGF-β1 expression was attenuated, whereas silicosis fibrosis was aggravated. The expression of collagen type I and III also changed in a manner similar to TGF-β1. Inflammation can generate reactive oxygen species (ROS), which was revealed by an increase in MDA and a decrease in SOD in this study. In general, ROS are considered to be executing mediators of a series of damaging effects induced by inflammation. It has been reported that inflammation could activate macrophages to generate TGF-β1through the ROS pathway^[@r31],[@r32]^. It has also been reported that TGF-β1 acted on pulmonary interstitial fibroblasts and activated the expression of collagen type I and III^[@r33],[@r34]^. Similarly, when inflammation is reduced, the level of ROS is decreased, the expression of fibrosis-related genes is reduced, and newly formed collagen fibers are decreased. Under physiological conditions, the body's collagen maintains a dynamic balance between production and degradation, while in the process of pulmonary fibrosis, the production of collagen fiber increased, but degradation pathway are inhibited, therefore collagen fibers are deposited in the lung^[@r35]^. The degree of silicosis fibrosis depends on the accumulation of newly formed collagen in different periods. Therefore, we hypothesized that an anti-inflammatory may help slow down the onset of fibrosis and reduce the risk of silicosis, and this point of view was also supported by Carneiro *et al.*^[@r36]^.
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